This article reviews basic concepts, general applications, and the potential impact of nextgeneration sequencing (NGS) technologies on genomics, with particular reference to currently available and possible future platforms and bioinformatics. NGS technologies have demonstrated the capacity to sequence DNA at unprecedented speed, thereby enabling previously unimaginable scientific achievements and novel biological applications. But, the massive data produced by NGS also presents a significant challenge for data storage, analyses, and management solutions. Advanced bioinformatic tools are essential for the successful application of NGS technology. As evidenced throughout this review, NGS technologies will have a striking impact on genomic research and the entire biological field. With its ability to tackle the unsolved challenges unconquered by previous genomic technologies, NGS is likely to unravel the complexity of the human genome in terms of genetic variations, some of which may be confined to susceptible loci for some common human conditions. The impact of NGS technologies on genomics will be far reaching and likely change the field for years to come.
Introduction
Since the time DNA was discovered as the code to all biological life on earth, man has sought to unravel its mysteries. If the genetic code could be sequenced or "read", the origins of life itself may be revealed. Although this thought might not be entirely true, the efforts to date made have certainly revolutionized the biological field.
The "original" sequencing methodology, known as Sanger chemistry, uses specifically labeled nucleotides to read through a DNA template during DNA synthesis. This sequencing technology requires a specific primer to start the read at a specific location along the DNA template, and record the different labels for each nucleotide within the sequence. After a series of technical innovations, the Sanger method has reached the capacity to read through 1000-1200 basepair (bp); however, it still cannot surpass 2 kilo basepair (Kbp) beyond the specific sequencing primer.
In order to sequence longer sections of DNA, a new approach called shotgun sequencing was developed during Human Genome Project (HGP). In this approach, genomic DNA is enzymatically or mechanically broken down into smaller fragments and cloned into sequencing vectors in which cloned DNA fragments can be sequenced individually. The complete sequence of a long DNA fragment can be eventually generated by these methods by alignment and reassembly of sequence fragments based on partial sequence overlaps. Shotgun sequencing was a significant advantage from HGP, and made sequencing the entire human genome possible. The core philosophy of massive parallel sequencing used in nextgeneration sequencing (NGS) is adapted from shotgun sequencing (Venter et al., 2003; Margulies et al., 2005; Shendure et al., 2005) .
New NGS technologies read the DNA templates randomly along the entire genome. This is accomplished by breaking the entire genome into small pieces, then ligating those small pieces of DNA to designated adapters for random read during DNA synthesis (sequencingby-synthesis). Therefore, NGS technology is often called massively parallel sequencing.
The read length (the actual number of continuous sequenced bases) for NGS is much shorter than that attained by Sanger sequencing. At present, NGS only provides 50-500 continuous basepair reads, which is why sequencing results are defined as short reads. These short reads are a major limitation in current technology; however, developing NGS technologies, such as single-molecule sequencing, may surpass Sanger methodologies and have the potential to read several continuous kilo basepairs (Kbps) ( Table 1) . Since next-generation technologies currently produce short reads, coverage is a very important issue. Coverage is defined as the number of short reads that overlap each other within a specific genomic region. For example, a 30-fold coverage for CYP2D6 gene means that every nucleotide within this gene region is represented in at least 30 distinct and overlapping short reads. Sufficient coverage is critical for accurate assembly of the genomic sequence. In addition to the need for adequate coverage, short reads create many sequences that cannot be interpreted or "mapped" to any reference DNA or be accurately assembled. This is simply because some of the short reads are too short and may match with many different regions of the genome and are not unique to any specific region of the sequence. Short-read sequences that can be assembled and matched with a reference sequence are generally called "mappable reads". NGS is a rapidly evolving technology that is changing on an almost daily basis. The purpose of this review is to highlight these advances and bring the reader up to date on the latest technological achievements in DNA sequencing technologies, particularly as related to genomics.
The term "genomics" was used as the name of the first journal in the field of genomics (McKusick and Ruddle, 1987) . Genomics is defined as the systematic study on a wholegenome scale for the identification of genetic contributions to human conditions. Progress in our understanding of many fundamental biological phenomena has accelerated dramatically over the last decade, driven by advances in genomic technologies. New genomic technologies have revolutionized our understanding of many genes or genomic regions involved in the pathogenesis of human diseases (Novelli et al., 2010) . Recent advances in high throughput genomic technologies, such as microarray technologies, have resulted in great achievements in genetic linkage, association studies, DNA copy number, and gene expression analysis. There is no doubt that the progress of genomics will eventually lead to the birth of genetic medicine which will propel significant advances and improvements in human health (Gonzalez-Angulo et al., 2010) . Candidate-gene approaches were initially used in the genomic studies with focus on the genes known to be involved in well-defined molecular pathways for targeted human conditions through linkage and association studies. Through candidate-gene studies, certain genetic variants among many genetic loci have been successfully identified for their important attribution to specific human diseases. Following completion of the HGP, a new approach, genome-wide association study (GWAS), was widely applied to genomics. Although several early GWAS studies reported potentially promising results, the majority of GWAS studies were disappointing because of inadequate sample size, limitation of arrays for certain genetic variations, and/or heterogeneity in phenotype (Daly, 2010a) . These obstacles may be overcome by new genomic technology, i.e., next-generation sequencing (NGS), also known as massively parallel sequencing or multiplex cyclic sequencing. In the last few years, NGS has emerged as a revolutionary genomic tool. Like other new genomic technologies, NGS techniques will provide radical insights and change the landscape of genomics. Since many genetic variants which contribute to many human conditions are still unknown, unbiased whole-genome sequencing will help to identify these genetic variants, including single nucleotide variants (SNVs) or single nucleotide polymorphisms (SNPs), small insertions and deletions (indels, 1-1000 bp), and structural and genomic variants (>1000 bp) (Daly, 2010b) .
Previously, DNA sequencing was performed almost exclusively by the Sanger method, which has excellent accuracy and reasonable read length but very low throughput. Sanger sequencing was used to obtain the first consensus sequence of the human genome in 2001 (Lander et al., 2001; Venter et al., 2001 ) and the first individual human diploid sequence (J. Craig Venter) in 2007 (Levy et al., 2007) . Shortly thereafter, the second complete individual genome (James D. Watson) was sequenced using next-generation technology, which marked the first human genome sequenced with new NGS technology (Wheeler et al., 2008) . Since then, several additional diploid human genomes have been sequenced with NGS utilizing a variety of related techniques to rapidly sequence genomes with varying degrees of coverage (Ley et al., 2008; Wang et al., 2008; Ahn et al., 2009; Kim et al., 2009; Yngvadottir et al., 2009; Metzker, 2010) . A common strategy for NGS is to use DNA synthesis or ligation process to read through many different DNA templates in parallel (Fuller et al., 2009) . Therefore, NGS reads DNA templates in a highly parallel manner to generate massive amounts of sequencing data but, as mentioned above, the read length for each DNA template is relatively short (35-500 bp) compared to traditional Sanger sequencing (1000-1200 bp).
Several NGS methods recently developed allow larger-scale DNA sequencing. The number of large short-read sequences from NGS is increasing at exponential rates. Currently, five NGS platforms are commercially available, including the Roche GS-FLX 454 Genome Sequencer (originally 454 sequencing), the Illumina Genome Analyzer (originally Solexa technology), the ABI SOLiD analyzer, Polonator G.007 and the Helicos HeliScope platforms. These NGS instruments generate different base read lengths, different error rates, and different error profiles relative to Sanger sequencing data and to each other. NGS technologies have increased the speed and throughput capacities of DNA sequencing and, as a result, dramatically reduced overall sequencing costs (Mardis, 2006 (Mardis, , 2009 Schuster, 2008; Shendure and Ji, 2008; Ng et al., 2009a; Tucker et al., 2009; Metzker, 2010) .
Next-generation sequencing platforms
Among the five commercially available platforms, the Roche/454 FLX, the Illumina/Solexa Genome Analyzer, and the Applied Biosystems (ABI) SOLiD Analyzer are currently dominating the market. The other two platforms, the Polonator G.007 and the Helicos HeliScope, have just recently been introduced and are not widely used. Additional platforms from other manufacturers are likely to become available within the next few years and bring new and exciting technologies, faster sequencing speed, and a more affordable price. Methodologies used by each of the current available NGS systems are discussed below.
Roche GS-FLX 454 Genome Sequencer
The Roche GS-FLX 454 Genome Sequencer was the first commercial platform introduced in 2004 as the 454 Sequencer. The second complete genome of an individual (James D. Watson) was sequenced with this platform (Wheeler et al., 2008) . The 454 Genome Sequencer uses sequencing-by-synthesis technology known as pyrosequencing. The key procedure in this approach is emulsion PCR in which single-stranded DNA binding beads are encapsulated by vigorous vortexing into aqueous micelles containing PCR reactants surrounded by oil for emulsion PCR amplification. During the pyrosequencing process, light emitted from phosphate molecules during nucleotide incorporation is recorded as the polymerase synthesizes the DNA strand. Initially, the 454 Sequencer had a read length of 100 bp but now can produce an average read length of 400 bp. The maximum ~600 bp capacity of 454 systems approaches the halfway of current Sanger sequencing capacities (~1200 bp). At 600 bp, the 454 Sequencer has the longest short reads among all the NGS platforms; and generates ~400-600 Mb of sequence reads per run; critical for some applications such as RNA isoform identification in RNA-seq and de novo assembly of microbes in metagenomics (Mocali and Benedetti, 2010) . Raw base accuracy reported by Roche is very good (over 99%); however, the reported relatively error-prone raw data sequence, especially associated with insertion-deletions, is a major concern. Low yield of sequence reads could translate into a much higher cost if additional coverage is needed to define a genetic mutation.
Illumina/Solexa Genome Analyzer
The Illumina/Solexa Genome Analyzer was the second platform to reach market, and currently is the most widely used system. The Illumina platform uses a sequencing-bysynthesis approach in which all four nucleotides are added simultaneously into oligo-primed cluster fragments in flow-cell channels along with DNA polymerase. Bridge amplification extends cluster strands with all four fluorescently labeled nucleotides for sequencing. The Genome Analyzer is widely recognized as the most adaptable and easiest to use sequencing platform. Superior data quality and proper read lengths have made it the system of choice for many genome sequencing projects. To date, the majority of published NGS papers have described methods using the short sequence data produced with the Genome Analyzer. At present, the new Illumina HiSeq 2000 Genome Analyzer is capable of producing single reads of 2 × 100 basepairs (pair-end reads), and generates about 200 giga basepair (Gbp) of short sequences per run. The raw base accuracy is greater than 99.5%.
ABI SOLiD platform
The ABI SOLiD platform uses a unique sequencing-byligation approach in which it uses an emulsion PCR approach with small magnetic beads to amplify the DNA fragments for parallel sequencing. During SOLiD sequencing, DNA ligation is carried out to link a specific fluorescent labeled 8-mer oligonucleotides for "dinucleotide-encoding", whose 4th and 5th bases are encoded by specific fluorescence. Each fluorescent marker on a 8-mer identifies a two-base combination, which can be further distinguished with a universal primer offsetting scheme. The primer offsetting scheme allows a universal primer that is offset by one base from the adapter-fragment position to hybridize to DNA templates in five cycle sets permitting the entire fragment to be sequenced and each base position sequenced twice during each cycle. Each ligation step is followed by fluorescence detection and another round of ligation. SOLiD4 analyzer has a read length of up to 50 bp and can produce 80-100 Gbp of mappable sequences per run. The latest model, 5500×l solid system (previously known as SOLiD4hq) can generate over 2.4 billion reads per run with a raw base accuracy of 99.94% due to its 2-base encoding mechanism. This instrument is unique in that it can process two slides at a time; one slide is receiving reagents while the other is being imaged. The SOLiD4 platform probably provides the best data quality as a result of its sequencing-by-ligation approach but the DNA library preparation procedures prior to sequencing can be tedious and time consuming. The newly marketed EZ-Bead system may provide some resolution to this problem.
Danaher/Dover/Azco Polonator G.007
The Danaher/Dover/Azco Polonator G.007 is a new platform on the market with emphasis on competitive pricing. The Polonator platform employs a sequencing-by-ligation approach using a randomly arrayed, bead-based, emulsion PCR to amplify DNA fragments for parallel sequencing. The short-read length is 26 bp, and 8-10 Gbp of sequence reads are generated per run, with 92% of the reads mappable. The random bead-based array will likely be replaced with their patented rolonies technology (rolling circle colonies) on an ordered array to increase accuracy and improve read length.
Helicos HeliScope
The Helicos HeliScope platform is the first single molecular sequencing technology available that uses a highly sensitive fluorescence detection system to directly detect each nucleotide as it is synthesized. The distinct characteristic of this technology is its ability to sequence single DNA molecules without amplification, defined as Single-Molecule Real Time (SMRT) DNA sequencing. The short-read length ranges from 30 bp to 35 bp at present time, with a raw base accuracy greater than 99%, and 20-28 Gbp of potential sequence reads per run in the near future.
The advantage of single-molecule DNA sequencing technology is its potential to read extremely long sequences and fast sequencing speed, which could translate into a dramatic reduction in overall sequencing cost. As such, advanced single DNA molecule sequencing technology has been defined as the next-NGS technology (Pettersson et al., 2009 ). However, the basic philosophy of massive parallel sequencing is still the same and the term nextgeneration sequencing (NGS) will only be used in this review. More detailed technical description of these platforms are available elsewhere (Mardis, 2008a (Mardis, ,b, 2009 Schuster, 2008; Shendure and Ji, 2008; Ansorge, 2009; Harismendy et al., 2009; Tucker et al., 2009; Voelkerding et al., 2009; Metzker, 2010; Ng and Kirkness, 2010) .
Next-generation sequencing platforms under development
Since single DNA molecule sequencing technology can read through DNA templates in real time without amplification, it provides accurate sequencing data with potentially long-reads and efforts have focused recently in this new direction. Several unique single-molecule DNA sequencing technologies are currently under development; however, little information has been made publically available (Gupta, 2008; Xu et al., 2009; Metzker, 2010; Treffer and Deckert, 2010) .
Fluorescence-based single-molecule sequencing
Pacific BioSciences is developing a single-molecule real time (SMRT) DNA sequencing technology. This approach performs single-molecule sequencing by identifying nucleotides which are phospholinked with distinctive colors. During the synthesis process, fluorescence emitted as the phosphate chain is cleaved and the nucleotide is incorporated by a polymerase into a single DNA strand.
A similar approach using total internal reflectance fluorescence (TIRF) technology to measure the time-dependent fluorescent signals emitted from each single DNA strand in parallel has been developed by Visigen Biotechnology based on fluorescence resonance energy transfer (FRET). Using nucleotides with fluorescent labeled terminal phosphate to incorporate in a single DNA strain, this approach can rapidly detect subsequent nucleotide incorporation events for single-molecule sequencing. Visigen Biotechnology is teaming up with Life Technology to further improve this technology, in which the polymerase is modified with a quantum dot fluorescent donor molecule that enables a fluorescence resonance energy transfer during nucleotide incorporation events. This FRET-based labeling system would allow the platform to measure a fluorescent signal emitted only from labeled nucleotides that are being incorporated into a DNA strand leading to a reduction in background noise. Furthermore, this FRET-based detection platform does not require continuous laser excitation which extends the polymerase lifespan and results in longer reads.
U.S. Genomics is developing a fluorescence-based single-molecule sequencing platform, in which short-universal probes are hybridized to their complementary DNA fragments and proprietary microfluidics stretch the DNA strand into full contour length. The single molecule is read by laser excitation and DNA fragment reads mapped into the reference sequence based on the unique characteristics of the individual DNA molecules. Genovoxx is also developing a technology called AnyGene for fluorescence-based single-molecule sequencing by monitoring the sequential addition of each single nucleic acid during DNA synthesis.
Nano-technologies for single-molecule sequencing
Thousands of nano-tunnels on a chip can be used to monitor the movement of a polymerase molecule on a single DNA strand during replication to perform single-molecule DNA sequencing-by-synthesis. Nano-technologies have long been considered a cutting-edge technology for single-molecule DNA sequencing (Iqbal et al., 2007; Branton et al., 2008) and several nanopore sequencing concepts and technologies are currently under development. One concept is based on the observation that when a DNA strand is pulled through a nanopore by an electrical current, each nucleotide base (A, T, C, G) creates a unique pattern in the electrical current. This unique nanopore electrical current fingerprint can be used for nanopore sequencing.
Oxford Nanopore Technologies has developed an exonuclease sequencing technology that combines a protein nanopore bioengineered with a covalent attachment of a cyclodextrin molecule to the inside of its surface with an exonuclease for the sequential identification of DNA bases as the processing enzyme passes through the nanopore. Nabsys is developing a nanopore 6-mer oligonucleotides hybridization mapping technology in which electrically addressable nanopore arrays in a solid state can sequence DNA strands in parallel. This hybridization-assisted nano-pore sequencing (HANS) platform, which combines nano-pore sequencing with sequencing-by-hybridization (SBH) technology, can be used to sequence DNA strands without fluorescence labeling.
Using an ion channel measurement platform, Electronic BioSciences is also exploring the nanopore DNA single strand sequencing platform. BioNanomatrix is developing a nanoAnalyzer platform for single-molecule sequencing that uses a small nanochannel fluidic chip for long DNA molecule sequencing. GE research developed a "Closed Complex" where stable complexes are formed between primed single DNA molecules, polymerase, and nucleotides on a solid surface in a microfluidic system in an attempt to develop a single DNA molecule sequencing technology using this "Closed Complex" chemistry. Likewise, in collaboration with Roche, IBM is developing a platform based on their sensors described as a "DNA transistor" which is potentially capable of recording nucleotide sequence as a single strand of DNA is pulled through a nanopore sensor. LingVitae (Digital Sequencing) is attempting to develop a new single-molecule sequencing platform using their "design polymers" technology to slow down the translocation of DNA strands through the nanopore for better read quality during nano-sequencing. Complete Genomics has developed a proprietary ligase-based DNA sequencing platform (CGA) with their DNA nanoball (DNB) technology called combinatorial probe-anchor ligation (cPAL).
Surface Enhanced Raman spectroscopy (SERS) is a technology based on the observation that a molecule on a corrugated metal surface produces a Raman signal which is up to a billion times more intense than the signal it would emit if deposited on a flat surface. Base4 Innovation is developing a technology to combine SERS with nano-resolution to interpret individual bases in a single strand of DNA with their patented nanostructure arrays. CrackerBio developed an approach which relies on the sequential conversion of photons to electrons for sequencing. They are developing a hybrid platform which can sequence long single DNA molecules on top of a photodiode (a nanowell) embedded in a chip by the fluorescence-based single-molecule sequencing-by-synthesis methods within the nanowell.
Electronic detection for single-molecule sequencing
Reveo is developing a technology to stretch out DNA molecules on conductive surfaces for electronic base detection. A stretched and immobilized strand of DNA will be read through by multiple nano-knife edge probes. Each nano-knife edge probe specifically recognizes only one nucleotide for single-molecule sequencing. Intelligent Biosystems is also developing a platform using the electronic detection approach which will allow for high speed and high sensitivity single-molecule analysis with decreased background noise.
Electron microscopy for single-molecule sequencing
Electron microscopy (EM) was the first proposed and attempted approach to sequence DNA molecules before the Sanger sequencing was established and this concept has recently been reevaluated with the emergence of new technologies. Since scanning tunneling microscopy (STM) can reach atomic resolution, STM for single-molecule sequencing is being explored. LightSpeed Genomics is developing a microparticle approach by capturing sequence data with optical detection technology and new sequencing chemistry from a large field of view to reduce the time consuming sample and detector rearrangement. Halcyon Molecular is developing a DNA sequencing technology by atom-by-atom identification and EM analysis. The key advantage of this technology is very long read lengths. ZS Genetics is also developing EM-based technologies for single-molecule DNA sequencing.
Other approaches for single-molecule sequencing
Ion Torrent developed an entirely new approach to sequencing based on the wellcharacterized biochemistry that when a nucleotide is incorporated into a strand of DNA by a polymerase, a hydrogen ion is released as a byproduct. They have developed an ion sensor that can detect hydrogen ions and directly convert the chemical information to digital sequence information. In essence, their NGS platform can be defined as the world's smallest solid-state pH meter.
Focusing on resequencing specific sections of the human genome combined with genomeregion enrichment, Genizon BioSciences is developing a sequencing-by-hybridization technology based on known reference sequences. Avantome (acquired by Illumina) is also exploring the single-molecule sequencing technologies.
Road to the personal genome project
Since the initiation of 1000 genome project the cost of sequencing an individual genome has been rapidly decreasing and will likely reach $1000 per person within a short period of time (von Bubnoff, 2008) , making personalized medicine become a possible reality (Lunshof et al., 2010; Mardis, 2006; Harismendy et al., 2009) . In genomics, the personal genome era made available by NGS technologies will mark a significant milestone in entire genomic research field in the foreseeable future (Zhang and Dolan, 2010; Holmes et al., 2009 ).
It is not clear which NGS technology will eventually dominate the genomic research field, but it is almost certain that further reductions in cost, rapid increases in sequencing speed with improved accuracy, and the advantages conferred by these new technologies will assure that NGS will become an essential molecular tool affecting all aspects of the biological sciences. Detailed information of the NGS technologies and platform discussed above is summarized in Table 1 .
Current strategies for the NGS project
To ensure the correct identification of genetic variants, short-read coverage must be sufficient to ensure the complete and accurate sequence assembly. Currently, at least 30× coverage is recommended in whole-genome scans for rare genetic variants in human genomes, which is a burden on computer resources and cost management. Although the cost of whole-genome sequencing has dropped substantially, the cost remains a major obstacle; whole-genome sequencing of a single individual currently costs approximately $100,000.00.
By targeting specific regions of interest, selective DNA enrichment techniques improve the overall cost and efficiency of NGS (Rehman et al., 2010; Volpi et al., 2010; Bau et al., 2009; Levin et al., 2009; Ng et al., 2009b; Ng and Kirkness, 2010) ; however, targeted enrichment must maintain uniform coverage, high reproducibility, and no allele bias for any genomic region (Stratton, 2008) . Targeted sequencing generally focuses on all protein-coding subsequences (the functional exome), which only requires ~5% as much sequencing compared to that required for the entire human genome (Pussegoda, 2010; Senapathy et al., 2010; Teer and Mullikin, 2010) . This strategy currently reduces the overall cost to around $10,000 or less for the sequencing of a single individual. An important consideration to the cost of such experiments is the depth of sequence coverage required to achieve a desired sensitivity and specificity of at least 25-fold nominal sequence coverage.
The most common techniques for targeted sequence enrichment are either microarray-based (Summerer et al., , 2010 Zheng et al., 2009; Igartua et al., 2010) or solution hybridbased Tewhey et al., 2009; Bainbridge et al., 2010) . Several targeted selection technologies have been marketed and successfully applied in different NGS projects with variable success and may become the tools of choice to lower the burden of time and cost. For example, using targeted selection strategy, the mutations in DHODH from four individuals from three unrelated families with Miller syndrome have been successfully identified (Ng et al., 2010a) , illustrating that selective DNA enrichment techniques will dramatically reduce overall cost and accelerate discovery of genetic variants that cause rare and yet to be discovered genetic disorders. Other genetic loci for rare diseases have also been successfully identified through exome sequencing (Bilguvar et al., 2010; Ng et al., 2010a,b; Rios et al., 2010; Walsh et al., 2010) , further validating this strategy.
Commercially available products for targeted sequence-enrichment include Agilent's SureSelect and NimbleGen's SeqCap/EZ Exome (both array-and solution-based technologies), RainDance and Illumina's TruSeq (solution-based technology), Febit's HybSelect and LC Sciences (microarray-based strategy), Qiagen and Fluidigm (PCR-based method) (Table 2 ).
Bioinformatics for NGS data
The parallel short-read strategy of NGS opens many challenges for bioinformatics to interpret the short reads and the genetic variations in human genomes (Wold and Myers, 2008; Yang et al., 2009 ). The full benefit of NGS will not be achieved until bioinformatics are able to maximally interpret and utilize these short-read sequences, including alignment, assembly, etc (Pop and Salzberg, 2008) . Typically, tens or hundreds of Gbp short reads can be generated during each run in any given NGS platform. As a result, the average NGS experiment generates terabytes of raw data, making data analysis and management of data problematic. Given the vast amount of data produced by NGS, developing a massive data storage and management solution and creating informatic tools to effectively analyze data will be essential to the successful application of NGS technology. Further adding to the bioinformatics problems, there are differences among the various NGS platforms in term of data format, length of reads, etc., which results in the need for diversity in bioinformatics including sequence quality scoring, alignment, assembly, and data processing.
The benefits of NGS sequencing will not be fully appreciated until extremely highperformance computing and intensive bioinformatics support is available. The information accrued by NGS may lead to a paradigm shift in the way that genetics and bioinformatics converge. Since NGS technology is in an early stage of development, a variety of software tools are under development and many are available online for NGS data analysis. Their functions fit into several general categories: (1) alignment of reads to a reference sequence; (2) de novo assembly, (3) reference-based assembly; (4) base-calling and/or genetic variation detection (such as SNV, Indel); (5) genome annotation, and (6) utilities for data analysis.
Alignment and assembly
Despite the sequencing power of NGS, the short-read length strategy creates serious limitations in many biological applications (Wold and Myers, 2008) . Efforts to date have focused on overcoming the limitation of short reads for genome-wide analysis, but unfortunately, current available bioinformatics ability and computing power is lagging far behind the needs for NGS sequencing data analysis (McPherson, 2009 ).
In genomics, reference-based assembly is often performed to map the number of short reads to a human reference genome which creates challenges for the algorithms and computing of alignment. Since repetitive sequences are widely distributed across the entire human genome, some short reads will align equally to multiple chromosomal locations. This is one of the reasons multiple-fold coverage of a given region is required for NGS and why further resequencing with Sanger methodology is often needed to ascertain the genetic variant detected in short reads.
The most important step in NGS data analysis is successful alignment or assembly of short reads to a reference genome (Flicek and Birney, 2009) . It is a challenge to efficiently align short reads to a reference genome, especially when developing new algorithms to handle ambiguities or lack of accuracy during the alignment (Li and Homer, 2010) .
Based on the mapping quality concept, MAQ (Mapping and Assembly with Quality), a very popular NGS software program, was developed that can efficiently map short reads to a reference genome and derive genotype calls to the consensus sequence with quality scores (Li et al., 2008a) . MAQ is one of the first reference guided assembly programs. It is accurate, efficient, versatile, and user-friendly, and has been successfully applied to several NGS projects (Ng et al., 2010a) . ELAND (Efficient Large-Scale Alignment of Nucleotide Databases), another NGS program designed to search DNA files for short DNA reads allowing up to 2 errors per match, has also been successfully used in several NGS projects (Jiang and Wong, 2008; Zheng et al., 2009) . Benchmarks comparing ELAND with other popular NGS software, such as MAQ, BLAST (Basic Local Alignment Search Tool), SOAP (Short Oligonucleotide Alignment Program) (Li et al., 2008b) , and SeqMap (Jiang and Wong, 2008) , etc. (Table 3) , generally place ELAND as one of the fastest available programs.
Compared to reference-based assembly with very short-read length sequences, de novo assembly is even more challenging. Currently de novo assembly with NGS data is generally limited to microbial genome projects (Metagenomics) due to the small bacterial genome size (Chistoserdova, 2010; Wooley et al., 2010) .
The primary goal of current algorithms and computing for short-read assembly with NGS technologies is to increase read length (Chaisson et al., 2009) . This goal will likely be achieved by the development of single-molecule sequencing technologies. Certain improvements in existing NGS technologies, such as mate-paired short reads, may also make this goal attainable. Individual human genomes (one Asian and one African) have been successfully sequenced and assembled using the Illumina Genome Analyzer (read lengths ranged from 35 to 75 basepairs) with a modified SOAP program, SOAPdenovo .
Available bioinformatic tools for short-read alignment, de novo and reference-based assembly for NGS are listed in Table 3 . Since many of the programs are open source, additional programming may be needed to modify the program to the needs of a specific NGS project. Some online utility programs, such as EagleView (Huang and Marth, 2008) or LookSeq (Manske and Kwiatkowski, 2009) , also provide some additional assistance on NGS data analysis and interpretation (Table 3) .
Annotation and functional prediction
After successful alignment and assembly of NGS data, the next challenge is to interpret the large number of apparently novel genetic variants (or mutations) present by chance in any single human genome, making it difficult to identify which variants are causal, even when considering only non-synonymous variants. Many novel genetic variants/variations have been discovered for each sequenced genome, resulting in approximately 400 functionaltering variants for protein-coding sequences per individual genome. Recognition of functional variants is at the center of the NGS data analysis and bioinformatics. It is challenging to develop software with the ability to distinguish low-frequency alleles descendent from ancient ancestors from de novo or extremely rare mutations recently introduced into the population (Nakken et al., 2007; van Oeveren and Janssen, 2009 ).
Available bioinformatics tools for annotation and functional prediction of NGS data are listed in Table 4 . SIFT (Sorting Intolerant From Tolerant) is used to predict whether an amino acid substitution affects protein function based on sequence homology and the physical properties of the amino acid can be applied to find non-synonymous polymorphisms within NGS data Henikoff, 2001,2002) . By considering the physiochemical variations presented in protein sequence alignment and the property of variations, Multivariate Analysis of Protein Polymorphism (MAPP) can predict the impact of all possible amino acid substitutions on the function of the protein (Stone and Sidow, 2005) . Predictor of human Deleterious Single Nucleotide Polymorphisms (PhD-SNP) is an optimized program to predict if a given single point protein mutation can be classified as disease-related or as neutral polymorphism based on protein sequence and profile information (Capriotti et al., 2006) . Polymorphism Phenotyping (PolyPhen) and updated PolyPhen-2 are tools which predict the possible impact of an amino acid substitution on the structure and function of a specific protein using straightforward comparative physical methods (Sunyaev et al., 2001; Ramensky et al., 2002) .
Variation detection software, which includes screening genomes for structural and single nucleotide variants and the differences between genomes (Li et al., 2009; Medvedev et al., 2009; Thusberg and Vihinen, 2009) , are generally integrated with alignment and assembly processes and are listed in Table 4 .
End-user packages
End-user software packages which provide a user-friendly interface, easy to use data input and output formats, and integrates multiple computing programs into one software package, may be the best solution for most biomedical researchers. Based on our experience, among available end-user packages, Genomic Workbench from CLC Bio appears to be the most widely used. NextGENe from SoftGenetics is excellent for candidate-gene resequencing projects, but it cannot handle very large datasets and may not be suitable for large genome sequencing projects. SeqMan Ngen from DNASTAR is under development but currently unavailable. Although commercial end-user packages tend to carry a hefty price, some are available free online as detailed in Table 5 .
As previously mentioned, the fact that high-performance computing and intensive bioinformatic support is needed for NGS, it is difficult for many research laboratories to successfully conduct NGS projects due to the high level of information technology support required. A possible solution is cloud computing. In cloud computing, a user can use a virtual operating system (or "cloud") to process data on a computer cluster for high parallel tasks (Editorial, 2010) . CrossBow is the first cloud computing software capable of performing alignment and single nucleotide polymorphism analysis on multiple wholehuman datasets (Langmead et al., 2009) . CloudBurst is another new parallel read-mapping cloud algorithm optimized for mapping NGS data to a human reference genome, SNP discovery, genotyping and personal genomics (Schatz, 2009) . Data generated on Applied Bio-systems' SoLiD platform uses a two colored system which makes it unsuitable for analysis by many available software packages. The Bioscope package, developed by ABI, is devoted to their SoLiD data and can be used as a single software package or for cloud computing, likewise, CASAVA package developed by Illumina is utilized for Genome Analyzer data. Available NGS cloud computing technologies are listed in Table 5 . GenomeQuest, Complete Genomics and Geospiza/GeneSifter provide online customer oriented NGS data analysis services, which is a little different from cloud computing by definition.
Conclusion
There are two proposed paradigms on the inherited basis of complex genetic traits: "common disease-common variants hypothesis" which consists of many common alleles of small effect, and "common disease-multiple rare variants hypothesis" which consists of few rare alleles of large effect (Manolio et al., 2009; Schork et al., 2009 ). Both types of genetic loci likely exist; however, the "common disease-common variants hypothesis" is the theoretical framework for GWAS (Manolio et al., 2009; Schork et al., 2009) .
After a great deal of effort, much of the data generated from GWAS has been disappointing. Among successful GWAS studies, most variants identified confer only a small proportion of heritability, indicating that GWAS based on the "common disease-common variants hypothesis" is not very effective in identifying genetic variants for complex traits, and common genetic variability is unlikely to explain the entire genetic predisposition to disease (Singleton et al., 2010) . Results also suggest that rare variants missed by GWAS may account for the "missing" heritability. Such rare variants may have a large effect as genetic risk factors for complex genetic diseases Manolio et al., 2009; Tsuji, 2010) .
Remaining challenges will be to define the genetic basis of "missing" heritability (Manolio et al., 2009) . NGS technologies will certainly enable us to identify all the causative variants including "rare variants" within individual human subjects. It is anticipated that wholegenome sequencing (or exome sequencing) will make significant contributions to our understanding of the genetic etiologies that contribute to complex human disease, as well as the genetic basis of genomics.
The rapidly changing and ever evolving field of gene sequencing is shifting the way the medical profession views many diseases by documenting the contributions of the human genomic variation in medicine. Likewise, advances in NGS will redefine the field of genomics. Since this review covers a wide spectrum of current development in NGS, detailed information is still scarce or unavailable due to heated competition in the current race in this emerging field. Certain references from many new NGS technologies are not directly cited in the text, however if interested, reader can always find them through websites provided in the designated tables.
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